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EEQQIEEMEIITS- FOR UNIT FUEL- INJECTION SYSTEMS 
By Eared T. Marsh. 



SUMMARY 



A unit injector was operated under various test conditions 
with a cam outline giving a high rate of plunger displacement. 
The rate of discharge of the unit injector followed the plunger 
displacement for the outwardly opening injection valve (open 
nozzle) except under conditions of high fuel pressures when the 
effect of fuel compressibility decreased the rate of discharge as 
the pressure increased. The rate of discharge for the Inwardly 
opening Injection valve (closed nozzle) did not directly follow 
the plunger displacement. The initial rate of discharge -was Inde- 
pendent of operating variables for the closed nozzle hut varied 
with the valve-opening pressure and the rate of plunger displace- 
ment at the port closing for the open nozzle. 



HJTROEDDCTIQN 



The multiplicity of injection system designs for Interna] - 
combustion engines have all been developed for the same purpose; 
the injection of a controlled fuel charge into the combustion 
space. The timing, the quantity, the atcmlzation, and the dis- 
persion of the fuel charge are all controlled in part by the 
injection system. The different injection systems are not equally 
efficient in producing a desired result because each type has its 
own peculiarities. 

The Injection characteristics are controlled by a consider- 
able number of Interrelated variables. Eate-of -discharge tests 
performed on various types of injection systems have shown that 
injection irregularities, such as oscillating discharges and 
secondary injections, can be explained by the pressure- wave 
phenomena occurring In the injection tube. A discharge rate 
that fluctuates widely between the maximum rate and a very low 
rate is called an oscillating discharge. Fluctuations that are 
Iobs violent in character produce pulsating rates of discharge. 
A secondary discharge occurs separately from the controlled 
discharge and after the controlled discharge has boon termi- 
nated by the opening of the bypass ports. 
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The oscillating discharges ooour with q differential-area 
injection valve and result from pressure variations at the injec- 
tion orifice. Various combinations of variables that produce a 
restriction to fuel flow or distinct pressure pulsations with re- 
sulting oscillating discharges may Include: small injection-tube 
diameter, slow plunger displacement, high valve-opening pressure, 
lov pump speed, and large orifice diameters. 

The appearance of a secondary discharge depends primarily 
upon the injection- tube length, which causes a time interval "be- 
tween the release of pressure at the injection valve and the re- 
appearance of a pressure wave at the injection valve. The inten- 
sity of the pressure wave trapped in the injection tube must he 
sufficient to open the injection valve. Injection variables usually 
producing secondary discharges are: high pump speeds, high valve- 
opening pressure, and small orifice diameters. All these conditions 
increase the Intensity of the reflected pressure waves. The second- 
ary discharges appear after cut-off at the pump because of reflection 
of the initial pressure wave from, the closed pump check valve baok 
to the injection valve. 

Reducing the length of the injection tube should reduce the 
time interval between the pressure waves that cause secondary dis- 
charges and should result in less variation between the build-up 
of pressure at the pump plunger and at the orifice. With the dis- 
charge orifice attached directly to the pump chamber, the rate of 
pressure rise should be controlled by the rate of plunger displace- 
ment. A unit in Jo ct ion system combines the injection pump and the 
injection valvo in one unit with practical elimination of the fuel- 
passage length botweon them. This feature is the primary construc- 
tional difference between unit injectors and conventional injection 
systems. 

Rato-of-diecharge tests of a simulated unit injection system 
have been reported in reference 1. The important conclusions pre- 
sented in that paper are: That the secondary discharges were 
eliminated, that the rate of discharge changed with the typo of 
injection valve, that the rate of discharge for an open nozzle 
was controlled by the rate of plunger displacement, and that the 
rate of discharge of a differential-area valvo did not follow the 
rate of plunger displacement. 
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Actual control of the rate of discharge by controlling the rate 
of plunger displacement is the outstanding advantage of the unit in- 
jector. Various rates of discharge can "be obtained by Interchange 
of properly designed cams. In order to check the extent of this 
control at high pressures and high rates of plunger displacement, 
rate-of -discharge tests were made on a unit Injection system under 
extreme operating conditions. The results of the tests should be 
applicable to the design of, cams having accurately predetermined 
rates of discharge for the purpose of checking the effect of the 
rate of discharge an engine performance. 



METHODS AUD APPARATUS 



The requirements of a unit injector as presented herein are 
also, in part, the requirements of a conventional Injection system. 
They are based on rate-of -discharge tests obtained with a General 
Motors model R-201 unit injector having a 3/8- Inch-diameter plunger 
and a 3/4- Inch stroke. This unit injector (fig. 1) has been de- 
scribed in various publications. (See reference 2.) Two plunger- 
and-sleeve designs having a lapped helix, the rotation of which 
varied the effective stroke for fuel-quantity variation, were used. 
One set (plunger-and- sleeve design 1) used round ports having an 
area of C.0048 square Inch in the sleeve and had a varying start 
and cut-off of injection with change in throttle position. Plunger^ 
and -sleeve design 2 used helical ports in the sleeve, corresponding 
to the throttle helix on the plunger, and had a constant start of 
injection with varying cut-off. The port areas in plunger- and- sleeve 
design 2 were 0.0109 square inch for the inlet port and 0.0141 square 
Inch for the bypass port. Figure 2 shows the variation in port aroa 
with plunger lift for tho two plunger- and- sleeve designs. A greater 
Initial increase In the rate of area change for plunger-and- sleeve 
design 2 can be obtained by using the modified foxm obtained by 
filing the round corners. This alteration can easily be made and 
Is necessary only on the opening edge of the port. 

Two fuol connections to the unit Injector permitted constant 
circulation of the fuel. A primary pressure of 50 pounds per square 
Inch was used except at the higher speeds and loads when a primary 
pressure of 100 pounds per square Inch was necessary to prevent a 
rapid drop In the fuel quantity discharged as tho speed was in- 
creased. 
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The cam outline used, was calculated to give, for an open 
nozzle at a constantly Increasing rate of discharge, an Injection 
period of 15 cam degrees for 0.00100 pound of fuel per injection* 
The cam outline- vas designed to give a very slow closing of the 
ports (for plunger-and-sleeve design 2); with the plunger notion 
utilized for injection occurring after this slow port closing. With 
plunger-and-sleeve design 1, the port closing occurred at various 
plunger velocities, depending upon the- throttle setting. The 
plunger -velocity In Inches per cam degree can he obtained from the 
curves of rate of plunger displacement "by dividing the rate of 
plunger displacement hy the constant 0.00339. 

Several designs of injection valve (fig. 3) were tested. In 
this report the closed nozzle consists of an orifice closed hy a 
differential-area Inwardly opening valve stem (valve A), and the 
open nozzle is an orifice dosed hy an outwardly opening valvo 
sealing the fuel passage (valves B, C, and D). Tlio fuel-passage 
area of valvo A was equivalent to a 0.056- inch-diameter passage 
and of valves B, C f and D, to a- 0.09 4- inch-diameter passage. 
For valvo Aj_, the area was increasod throo times In order to 
investigate the effect of restriction to the fuel flow through 
the injection valvo. 

The apparatus used In obtaining the rate- of -discharge curves 
has hoon described In roforonco 3. Operation of the equipment at 
high speeds was particularly noisy. The noise level appeared to 
ho as high as that duo to operation of a single- cylinder tost en- 
gine. Tho noise level of the unit- Injector oquipmont when used 
on an engine would, however, not Increase the noise level ahove 
that due to the engine- valve mechanism and other engine noise 
sources. Data were taken at pump intervals of 1/2° except when 
very little change in rate occurred; for such cases, data were 
taken at 1° intervals. The data were connected hy straight lines, 
and fairing the curves was not attempted. The fuel quantity per 
injection was determined from the number of cycles required to 
Inject one-half pound of fuel. This fuel quantity was checked 
from the area of the rate-of-discharge curves (figs. 4 to 11), 
which Indicated a precision of within dS percent of the fuel 
weight. The dotted lines on the rate-of-discharge curves indi- 
cate the rate of plunger displacement, which was obtained by tak- 
ing tangents to the lift curve. Tho positions of port closing 
and opening are indicated by the vertical lines at tho extremes 
of the rate of plunger displacement. In figures 7 and 11, these 
positions are indicated for tho various throttle settings by the 
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vertical dashes on the "base line or an the curve of rate of plunger 
displacement. -These positions and the plunger lift vero obtained 
statically and do not exactly conform to the dynamic positions of 
the experimental rate- of -discharge curves, 



RESULTS AHD DISCUSSION 
The Injection Valve 



It is difficult to say which part of the unit injector is most 
important. Each part has control ovor certain characteristics of 
the injootion rate at particular times during the injection cycle. 
In this r opart, the characteristic effects on the rate of discharge 
resulting from changes In the design of the individual parts are 
discussed and rate- of -discharge ourvos are presented for the oper- 
ating conditions shown in table I. 

Open nozfcle . - The type of Injection valve used exercises 
probably the greatest control over the rate of discharge of the 
injection system of the variables tested. Parts (b), (o), and (d) 
of figure 4 give the rate- of- discharge curves for the open-nozzle 
types of injection valve shown in figure 5. With open nozzles, the 
rate of discharge closely followed the rate of displacement of the 
injection-pump plunger. An increasing or a decreasing rate of dis- 
charge could be maintained by control of the plunger velocity. The 
volume of fuel between the valve stem seat and the orifice must be 
kept at a minimum because, at high Injection pressures, the expansion 
of the volume of fuel under the seat caused trailing at cut-off. The 
flow passage through the seat need be only slightly greater than the 
orifice areas. Cut-off with a ball check valve is as effective as 
with a poppet valve but, because of the larger volume of oil under 
the seat around the spring, the fuel trailed at cut-off. The most 
compact injection- valve arrangement tested was obtained by using a 
Belleville spring with a ball check valve (valve C, fig. S). A 
guided poppet valve having a small lift and a stem stop (valve D, 
fig. 3) gave as sharp a cut-off as any obtained with a differential - 
aroa injection valve. No oscillating discharge was obtained with 
tho open nozzle under any combination of variables. 

Closed nozzle . - With the differential-area injection valve 
(fig. 4(a)), the rate of discharge did not directly follow the 
rate of plunger displacement and oscillating discharges migfrt 
occur as easily as with long injection tubes. As previously 
mentioned, oscillating discharges are a result of prossuro 
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variations at the orifice. These pressure variations are caused 
by the oscillating valve stem (reference 4) and by the variable 
restriction at the valve-stem seat* If the rate of pressure rise 
at the injection valve does not take care of the pressure drop re- 
sulting from the valve lift and from the injection process, pres- 
sure variations at the orifice will probably occur with resulting 
oscillating discharges- ■ With a closed nozzle, injection with a 
slow initial rate of plunger displacement usually results in oscil- 
lating discharges. The advantage of the closed nozzle is in its 
ability to build up a high initial rate. If a sufficiently high 
rate of displacement Is used over the entire Injection period, a 
very short period can be obtained. 

The initial rate of discharge for the dosed nozzle may be 
considerably higher than the rate of plunger displacement. This 
fact probably accounts for the poor engine performance of open 
nozzles when tho two typos are ccaaparfed In tho conventional in- 
jection system. For both nozzles to have comparable Initial rates 
of discharge, the rate of plunger displacement should bo increased 
for the open nozzle. 

Valve- opening pressure . - The character is tic disohargo rates 
of tho two types of Injection valve wore not materially affoctod 
by valve-opening prossuro (fig. 4 and reference 3). As tho valve- 
opening pressure was Increased, the injection period was slightly 
shortened owing to the additional compression of the fuel required. 
Because the Injection valve must seal the injection system against 
the entrance of the combustion gases, the minimum valve-opening 
pressure of the open nozzle can be made much lower than that of 
the closed nozzle provided that the minimum valve-opening pressure 
is high enough to overcome the pressure built up by the resistance 
to fuel flow through the bypass ports at zero throttle settings. 
For example, valve A with a valve-opening pressure of 3,400 pounds 
per square inch would Inject at a pump speed of about 750 rpm for 
plunge2>and-sleeve design 1 at zero throttle setting. In order to 
make use of a lower valve-opening pressure or a higher operating 
speed, the bypass area would have to be Increased to reduce the 
build-up of pressure in the plunger space. 

Orifice diameter . - The orifice diameter Ib one of the 
controlling factors of the injection system (fig. 5). For a 
given rate of discharge, the injection prossuro will vary Inverse- 
ly as the fourth power of the orifice dlametor and directly as the 
square of the pump speed. Since tho characteristics of tho fuel 
spray depend, in part, upon orifico and pressure values, a summary 
of the desired spray characteristics would help to detoimine tho 
orifice and the pressure conditions. 
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The maximum pressure developed Area the use of A smhll total* 
ofifice area will limit the maximum, speed owing to excessive load- 
ing of the actuating mechanism. A graph of pressures calculated' 
from the tot t1 mum theoretical rate of discharge for the cam used is 
presented for various orifice diameters and pump speeds (fig, 6). 
These theoretical maximum pressures are reduced at the orifice 
during Injection because of the oanpresBibility of the fuel, the 
leakage, and the pressure drop frcm resistance to flow through 
fuel passages. 

Figure 5 shows the marked reduction in the rate of discharge 
that occurs with the pressure Increase obtained by reducing the 
orifice area. The change In rate of discharge is explained by 
the compressibility of the fuel under pressure . Calculation of 
the Instantaneous pressure at the discharge orifice, compressibil- 
ity being considered but pressure wavos being neglected (see refer- 
ence 5) Indicated that the calculated decrease in the rate of dis- 
charge obtained agreed closely with the experimental rate of dis- 
charge. 

Flow passage . - The flow passages through the injection valve 
should be short to minimize pressure surgos. The volumo of fuel 
under compression should be a minimum for rapid cut-off and tho 
volume of fuel between tho valve seat and tho orifices should be 
small for rapid prossuro rise and fall to prevent dribbling. 

Tho flow-passago area depends upon a low pressure drop for 
tho open nozzles. Any ro si stance to flow moans additional pros- 
sure rise in tho pump chamber with ro suiting increased compression 
of the fuel and a direct docroaso in tho rate of dlschargo. For 
the closed nozzle f however , a throefold increase in tho passage area, 
with a resulting reduction In the calculated prossuro drop tram 15 
to 2 percent, did not effect a material chango In the rat o- of - di s charge 
curve (fig. 7(a)). 



The Injection Pump 

Plunger- and- sloe vo design . - Tho external sleeve diameter 
should T)e largo in order to minimize possiblo distortion from 
the nonsymnrttri col ports. It is I m portant to watch any dimen- 
sional change that tends to incroaso the clearance because the 
loakago varies with the cube of the clearance With the hollow 
plunger and the sleeve diameters used, tho clearance Increase is 
about 0.00006 Inch for 20,000 pounds por square inch. The calculated 
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percentage leakage due to this clearance is negligible. Alrio the 
rate- of -die charge ourves do not fall off vhen close to the cut-off 
position, indicating that leakage is negligible even at this posi- 
tion. Because of the high plunger velocity, the lap length at 1° 
before cut-off may be more than 0.030 inch, Wear is an indeter- 
minate factor and, for the injection of fuel under sustained high 
fuel pressure at low plunger Telocity, the leakage could be an ap- 
preciable factor affecting the rate of discharge. The short length 
of lap sealing the high pressure decreases in length and the pres- 
sure and the clearances increase with an increase in effective 
plunger motion. These factors tend to Increase the loakago. Al- 
though the fuel viscosity increases vith pressure, the leakage 
increases under the pressure and the dimensional changes. 

Under high pressures, the hydraulic surfaces of the plungers 
should bo balanced to prevent side thrust against tho ports. A 
high plunger velocity combined with Bide thrust may produce scor- 
ing from lack of lubrication or scuffing of tho ports. 

Tho flow-passage aroa used in the plungor and tho sleeve 
limits the minimum injection valve-opening pro e sure and tho 
rapidity of cut-off. A high rate of plunger displacement com- 
bined with snail flow passages could build up sufficient pressure 
in the pump chamber to inject fuel after cut-off at the pump. 
Restricted flow area prolongs injection but, with the open noz- 
zles used, no Buch prolonging of injection occurred owing to their 
adequate flow areas. 

The rate of opening of the bypass portB is a factor in deter- 
mining the rapidity of cut-off. Helical ports and poppet valves 
instead of round ports are simple means of obtaining a rapid 
initial increase in the rate of opening. (See fig. 2.) Figure 
7(a) shows the effect of restriction in the injection-valve pas- 
sage and figure 7(b) shows the effect of slow opening of the by- 
pass ports. The effect of restriction at the bypass ports is 
evident (fig. 7(c)) with the closed nozzle under conditions of 
high pressure by definite relifting of the valve stem during cut- 
off. 

The rate of port closing affects the initial rate of dis- 
charge of the open nozzle but does not affect the initial rate 
of discharge of the closed nozzle (figs. 8 and 9). 
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Separate Inlet and "bypass ports are prerequisites If pres- 
sure* fluctuations' are to "be eliminated on the intake side of the 
pump. These pressure variations are the cause of cyclic varia- 
tions In the fuel discharge that result from lack of filling the 
plunger space under identical conditions. A check valve placed 
on the intake side of the pump can "be used to prevent the trans- 
mission of pressure surges through the Intake tubing. Separate 
ports can also he used to advantage to circulate fuel through 
the pump to prevent vapor and air accumulation and to cool the 
unit. 

The difficulty of filling the plunger space of injection 
systems having ported controls Is Increased at high pump speeds 
and temperatures "by the vacuum framed during the return plunger 
stroke. Air is released from the fuel and, for the more volatile 
fuels, vaporization occurs before the inlet ports are opened. 
The air and the vaporized fuel may be trapped In the dead, end 
of the plunger space and probably could not be removed by cir- 
culating fuel. High primary pressure can be used to help fill 
the plunger spaoe, but a construction that will allow the plunger 
space to be filled during the down stroke of the plunger will 
eliminate one of the most potent causes of fuel-quantity irregu- 
larity. 

Discharge check valve . - In the conventional system, a 
check valve is usually placed at the injection pump to retain 
a residual pressure in the injection tube between cycles. If 
extremely high pressures are obtained and a discharge oheck 
valve is used, injection would be prolonged beyond the cut-off 
at the pump from expansion of the compressed fuel between the 
check valve and the orifice. Such a condition also results when 
restriction to flow occurs at the bypass ports. Tests have 
shown (reference 6) that this valve causes secondary discharges. 
Its elimination prevented the secondary discharge but produced 
irregular cycles at high speeds. Because of the small volume of 
fuel in the unit injector, a pump check valve Is unnecessary. 
Rate-of-discharge tests made with and without a pump check valve 
showed no difference in the injection characteristics. 

Pump speed . - The rate of plunger displacement varies 
directly with the plunger velocity and with the square of the 
plunger diameter. With a high rotative speed, a high rate of 
discharge could be more easily obtained with a large plunger 
diameter and a small plunger motion, but the dynamic load on 
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the operating mechanism, would "be high and the rate of opening of 
the ports, slow. A small-diameter high-velocity plunger could 
he used at extreme pressures hut It would require auxiliary means 
of controlling the cut-off, as adequate port area could not he 
obtained through the small plunger. Mechanics would probably 
limit the maximum stroke **nfl determine the uiiniTmim plunger diam- 
eter. For the same rateB of plunger displacement, the unit In- 
jector will give a considerable Increase in the rate of discharge 
over the conventional Injection system. 

An advantage of the unit Injector lies in its ability to In- 
ject satisfactorily at high rotative speeds the actuating mechanism 
should therefore be light, consistent with a minimum of distortion. 
The mounting must be rigid to prevent strain from shock loading. 
The decrease In the rate of discharge with increase in speed, shown 
in figure 10, Is accounted for by the effect of compressibility of 
the fuel. 

Cam outline . - The change in Injection characteristics de- 
sired to accompany a change In throttle setting will detexmine 
the use of a variable start or a variable stop or the use of a 
constant, an increasing, or a decreasing velocity portion of the 
cam. A slowly Increasing Initial rate of discharge at the start 
of injection cannot be obtained by the use of the closed nozzle 
having a constant orifice area without auxiliary means. Usually, 
a maximum rate of discharge is obtained at low throttle settings, 
and an Increase in throttle setting maintains the same maximum 
rate with an Increase in the injection period, the injection 
period varying directly with the fuel quantity discharged (fig. 
9). A low Initial rate of discharge could be obtained by causing 
a small orifice to open before the main discharge orifices, or a 
very small total- orifice area could be used; such means would re- 
quire extremely high pressures to obtain the maximum rate of dis- 
charge. As the closed nozzle is little affected by a change in 
the Initial rate of plunger displacement at port closure, an In- 
jection timing in which the beginning of injection vas advanced 
with throttle setting would not change the Initial rate of dis- 
charge. 

The Initial rate of discharge of an open nozzle depends 
upon the injection valve-opening pressure and the rate of plunger 
displacement at port closure. A low initial rate of injection 
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cannot bo obtained vlth a high valve- opening pressure even with a 
low initial rate of plunger displacement at port closure (fig. 11) . 
Injection Is delayed until the plunger compresses the fuel suffi- 
ciently to open the valve; consequently, Injection occurs daring 
a period of higher plunger velocity. An Initial rate of discharge 
that does not vary vlth throttle setting can be obtained by using 
a varying cut-off so that Injection always starts on the same 
portion of the cam outline (fig. U). 

The effects of the variables tested In this report on the 
shape of the rate-of -discharge curve of a unit injection system 
are presented in table H. Other notable variables, not presented, 
have a considerable Influence on the rate of discharge. Among 
these variables are: volume of oil in the Injection system; volume 
of oil bet-ween the valve seat and the orifice; effect of reetrio- 
tldfli at the valve-stem seat (spring scale); the ratio of valve- 
opening pressure to valve-closing pressure; and cam outline. 

The cam outline can be partially corrected for the preceding 
variables. The total variation, however, may not be greater than 
15 percent, and the lack of understanding of the actual Injection 
characteristics desired for the varying engine cycles may make un- 
feasible an attempt to apply an adjustment or a correction that 
■would apply only to a constant Injection condition. 
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CQUCLTSSiaUB 



The test data and the analysis presented Indicate that an 
assumed rate of discharge for the unit Injection system tested 
may he modified "by a number of variables, such as leakage, 
compressibility of the fuel, fuel visoosity change with pressure, 
restriction to flow through fuel passages, and minimum valve- 
opening pressure. When an open nozzlo is used, the values of these 
quantities may ho neglected as negligible, within limits, in design- 
ing a cam outline to give a rato of plunger displacement identical 
with the rate of discharge dosirod. 

For short injection periods at high rates of discharge, rates 
of discharge comparable with the rato of plunger displacement can 
ho obtained with the closed nozzle. 

A serious cause of disagreement between the static rate of 
plungor displacement and tho actual rato of discharge can bo at- 
tributed to tho compressibility of the fuol under conditions of 
high pressure. 



Langloy Manorial Aeronautical Laboratory, ■ 

National Advisory Committee for Aeronautics, 
Langley Field, Va., May 22, 1940* 
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Operating Conditions for Hat e-of-Discharge Tests 



Injec- 
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valve 



Orifice 
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Plunger- 
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ject ion) 
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A 
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D 
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A 

B 
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D 
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A 

A 

A 

A i 

B 
B 
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3 
B 
B 
B 
jB 
3 
3 
3 



0.050 
.050 
.050 
.050 
.060 

.oho 
.0"U5 
.060 
.o4o 

.0315 

.050 

.060 

.0315 

.0315 

.0315 

.0315 

.060 

.060 

.060 

.060 

.050 

.050 

.050 

.050 

.050 

.060 

.OoO 
.050 
.050 
.050 
.060 
.060 
.060 
.050 
.050 
.050 
.050 



2 
2 
2 

2 
T 

1 
1 
2 
2 
2 
2 
1 
1 
1 
1 
1 

1 
1 
1 
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1 
2 
2 
2 
2 
2 
2 
2 
2 
2 

2 
2 

2 
2 
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3 200 
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3,4oo 
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2,400 
2,400 
2,400 
3. 400 

2,400 
3.400 
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3.4oo 
^,4oo 
2,4oo 

2, 400 
2,400 
2,400 

3,4oo 
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3,4oo 
3,400 
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2,400 
2,400 

goo 

800 
800 
2,400 
2,400 
2,400 

2,300 
2,300 
2.300 
2.3 00 



y 500 



750 

1,000 

750 

1,000 

500 
500 
500 

750 
750 
750 

1,000 
1,000 
1,000 
1,000 



4,7,10 

it- 11 

4 
5 
5 

5.7 

5.7.10 

5 

5 

7 

7 

7 

7 

7 

7 

8 

8 

8 

8 

9 

9 

9 

10 
10 
10 
10 

11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
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TABU II 

SUMMARY 07 THE EFFECTS OF VARIABLES TESTED 01 THE SHAPE OF THE 
RATE-OJ" -DISCHARGE CURVE VARIABLEB 



8 pump speed 

Ry realatanoe to flow, -valve passage 

Rp resistance to flow, bypass port 

0 or 1 floe diameter 

VOP valve-opening pressure 

Dp rate of plunger displacement (or 
veloolty) far the Interval 



'Interval (fig. 13) 



Closed noEsle 



Open nossle 



Action 



Injection lag 



81ope of initial 
rate of disohaige 



Maximum value of 
initial rate of 
discharge 

Time to reach 0 



Pressure dura- 
tion, oonstant 
tnrottle 

Variation between 
Dp and rate of 
discharge 



Time between - 
' atatio and 

dynamlo opening 

of porta 

Slope of out -off 



Trailing off 



Increased with inoreased 
6 and Ry and with de- 
creased Dpi Independent 
of 0 

Slight deorease with de- 
creased Dp and Ryi inde- 
pendent of 0 and 8 



Inoreased with inor eased 
0 and Dp and with de- 
oreased Rv and 8 

Praotioally independent 
of variables tested 



Increased with inoreased 
8 and with deoreased 0 



Osoillations reduced by 
inoreased Dp and 8 and 
by deoreased 0 and Ry 



Inoreased with deoreased 
0 and with inoreased 8 
and duration of pressure 
oyole 

Inoreased with inoreased 
0 and with deoreased Rp, 

Ry, and 8} praotioally 
independent of Dp 

Inoreased with deoreased 
0 and with increased Ry 

and Rp 



Increased with increased 
VOP, 0, and 8 and with 
decreased Dp 



Increased with inoreased 
VOP, Dp, and 0 and with 
deoreased 8 



Inoreased with Inoreased 
0 and Dp and with de- 
creased 8 and VOP 



Inoreased with deoreased 
VOP and Dp; praotioally 
independent of 8 and 0 

Increased with inoreased 
8 and with deoreased 0 



Effeot of compressibility 
of fuel inoreased by 
increased 8 and by de- 
oreased 0 

Increased with deoreased 
0 and with inoreased 8 
and duration of pressure 
oycle 

Increased .with Inoreased 
0 and Dp and with de- 
oreased 8 and Rp 



Inoreased with Inoreased 
Rp, S v and volume of 

fuel between valve aaat 
and orifice 



A.C.A. 



Figs. 2,3,12 





V0 fH 



AA-Rate of plunger 
I \ displacement 



'..Rate of 
discharge 




Figure 13.- Diagrammatic rate-of- 
discharge curves. 



.08 JO 

Figure 2.- Variation in port opening and closing area wltn plunger lift. 



.OS .04 .06 

Plunger lift, in. 




Figure 3.- Injection-valve designs tested. 
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figure 4.- Effect of lnjsotlon-ralTe design on the rets of dlsobtrgo. 

Orlflos disaster, 0.060 ln.,pusp speed, 600 rpei, Planger-snd-eleere assign 8. 
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rigurs 6.- Iffsot of orlflos 

dlsmster on the rats of 
dlsobmrgs. Pump apead,500 ns 



20 25 0 
Pu*p dmg 



M.A.C.A. 



Figs. 6,7 



Injection-valve design 
Valve -opening pressure, lb per sq in. 
Orifice diameter, in. 
Plunger-and-eleeve design 
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Figure 7.- Effect of fuel-paesage area on the rate of discharge . Pump speed 500 rpm 
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rigure 6.- Maximum injection 

pressures calculated 
from the theoretical maximum 
rate of discharge. 
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